LP-CONTINUI_'TY OF WAVE OPERATORS FOR HIGHER ORDER
SCHRODINGER OPERATORS WITH THRESHOLD
EIGENVALUES IN HIGH DIMENSIONS
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ABSTRACT. We consider the higher order Schrédinger operator H = (—A)™ + V(z)
in n dimensions with real-valued potential V' when n > 4m, m € N. We adapt our

recent results for m > 1 to show that when H has a threshold eigenvalue the wave

operators are bounded on LP(R™) for the natural range 1 < p < 5% in both even

and odd dimensions. The approach used works without distinguishing even and odd
cases, and matches the range of boundedness in the classical case when m = 1. The

proof applies in the classical m = 1 case as well and simplifies the argument.

1. INTRODUCTION

We continue the study of wave operators for higher order Schrodinger operators

related to equations of the form
iy = (—A)™ + Vi, reR", meN.

Here V is a real-valued potential with polynomial decay, |V (z)| < (x)~# for some
sufficiently large 5 > 0, and some smoothness conditions, see [4] or Assumption 1.2
below. Note that when m = 1 this is the classical Schrédinger equation. We consider
the case when (—A)™+V has an eigenvalue at zero energy in high dimensions n > 4m.
It is well known that there are no threshold obstructions other than eigenfunctions when
n > 4m.

Denote the free operator by Hy = (—A)™ and the perturbed operator by H =
(—A)™ + V. We study the L? boundedness of the wave operators, which are defined
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by

Wy =5 lim eHeitHo
t—=Fo0

For the class of potentials we consider, the wave operators exist and are asymptotically

complete, [17, 19, 1, 11, 18]. Furthermore, the intertwining identity
f(H)Pac(H) = Wif((_A)m)W:i

holds for these potentials where P,.(H) is the projection onto the absolutely continuous

spectral subspace of H, and f is any Borel function. The intertwining identity and L?

continuity of the wave operators allows one to obtain LP-based mapping properties of

operators of the form f(H)P,.(H) from those of the much simpler operators f((—A)™).
As usual, we begin with the stationary representation of the wave operators

(1) W= u— —— / REVVIRE (V) = Ry (W]ud,

2mi
where Ry (A) = ((A)™ +V — A)7H Ro(A) = ((—A)™ — A\)~!, and the ‘+” and ‘-’
denote the usual limiting values as A approaches the positive real line from above and
below, [1, 6]. As in previous works, [4, 5], we consider W, bounds for W_ follow by
conjugation since W_ = CW,C, where Cu(z) = u(x). Since the identity operator is
bounded on all L? spaces, it suffices to control the contribution of the integral involving
the resolvent operators.

In dimensions n > 4m, there are no resonances at the threshold (zero energy),
[6]. This mirrors the case of dimensions n > 4 in the classical (m = 1) Schrédinger
operator where threshold resonances cannot exist. In the classical case, the existence
of threshold eigenvalues limits the upper range of LP(R"™) boundedness of the wave
operators, generically to 1 < p < %, [24, 9, 25]. Here we prove the analogous result
for the higher order Schrodinger operators in Theorem 1.3 below. Our proof doesn’t
distinguish between m = 1 and m > 1, and hence applies to the classical case as well
where it simplifies the existing arguments.

Our main result is to control the low energy portion of the evolution when there

is a threshold eigenvalue. Our strategy builds on the approach in [5], extending the
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argument to control the singularities in the spectral parameter caused by the eigenvalue.
Using resolvent identity, one has

2%k—1

Ry =Y (“1YRG(VRS)Y + (REV)FRE(VRY)™.

=0
The contribution of the jth term of the finite sum to (1) is denoted by W; and the
contribution of the remainder by W, ;. W, is unaffected by the existence of threshold
obstructions, while W, ; is affected only when X is in a neighborhood of zero. To
make this more precise, take a smooth cut-off function x € Cg° for a sufficiently small

neighborhood of zero, and let Y = 1 — x be the complementary cut-off away from a

neighborhood of zero. Define
1 oo

Wiaate = 5— [ xRS OOVPREAVR ) VIRE ) = Ry (W]wd,
Wagnan = 5 [~ SONRIOVIREONVRE W)FVIRT(Y) ~ Ry (W

Throughout the paper, we write (z) to denote (1 + |z|2)2, A < B to say that there
exists a constant C' with A < C'B, and write a— := a — € and a+ := a + € for some

€ > 0. Our main technical result is

Theorem 1.1. Let n > 4m > 4. Assume that |V (z)| < (x)~7, where V is a real-
valued potential on R™ and 8 > n + 4 when n is odd and B > n + 3 when n is even.
If H = (—A)"+ V(x) has an eigenvalue at zero, but no positive eigenvalues, then
Wiowk evtends to a bounded operator on LP(R™) for all 1 < p < 5% provided that k is

sufficiently large.

We need sufficiently large k& when n > 4m due to local singularities of the free
resolvents that are not square integrable. The main novelty is that the arguments are
fairly streamlined, we avoid long operator-valued expansions of the perturbed resolvent
by adapting the methods in [4, 5] to control the singularity as A — 0 that occurs when
there is a zero energy eigenvalue. We further note that no additional decay is needed

on the potential compared to the regular case, [4].
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To put this result in the context, recall the first LP? boundedness result in the seminal
paper of Yajima, [20], for m = 1 and 1 < p < oo for small potentials. For large
potentials, the main difficulty is in controlling the contribution of W, ;. The behavior
of this operator differs in even and odd dimensions. In [20, 21, 22], Yajima removed
smallness or positivity assumptions on the potential for all dimensions n > 3. These
arguments were simplified and Yajima further considered the effect of zero energy
eigenvalues and/or resonances in [23] when n is odd and with Finco in [7] when n is
even for n > 4 to establish boundedness of the wave operators when -5 < p < 7.
These results were further extended to show that the range of p is generically 1 <p < %
in the presence of a zero energy eigenvalue, and that the upper range of p may be larger
under certain orthogonality conditions, [24, 9, 25].

We now give more details in the case m > 1 to state the new corollary of our result

above on the L” boundedness of wave operators. Let F(f) denote the Fourier transform

of f.

Assumption 1.2. Fizn > 4m and m > 1. For some 0 < 6 < 1, 0 > % + 4,

assume that the real-valued potential V' satisfies the condition

n—1-5 < OQ.
L n—2m=3¢

|77V

In [4], by adapting Yajima’s m = 1 argument in [20], the first two authors showed

that the contribution of the terms of the Born series may be bounded by

Wil s e < cf\\f<<->ffx/(-))||i ios

n—2m—>34

for some constant C' > 0. In addition, it was shown that if [V (z)] < (z)7# for some
B >mn+5 when n is odd and g > n 4+ 4 when n is even and if % is sufficiently large
(depending on m and n), then Wi, i is a bounded operator on L? for all 1 < p < oo
provided there are no positive eigenvalues. The lack of positive eigenvalues is a common
assumption for higher order operators since there may be positive eigenvalues even for

smooth, compactly supported potentials, see [6].

Combining these facts with Theorem 1.1, we have the following result.
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Corollary 1.3. Fixm > 1 and let n > 4m. Assume that V satisfies Assumption 1.2

and in addition

i) |V (z)] S (x)7P for some B> n+5 when n is odd and for some 3 > n+4 when n
1S even,

ii) H=(—A)"+V(x) has an eigenvalue at zero energy, but no positive eigenvalues.

Then, the wave operators extend to bounded operators on LP(R™) for all 1 < p < 5.

By applying the intertwining identity and the known L? — L? dispersive bounds

it(~A)

when p’ is the Holder conjugate of p for the free solution operator e~ ™ we obtain

the corollary below.

n
n—2m

Corollary 1.4. Under the assumptions of Corollary 1.3, for < p' <2 we obtain

the dispersive estimates

The study of the LP boundedness of the wave operators in the higher order m > 1
case has only recently begun. In the case when there are no eigenvalues or resonances
in the ac spectrum, the case m = 2 and n = 3 was studied by Goldberg and the second
author, [10]. The case n > 2m was studied by the first two authors in [4, 5]. In [2]
the first two authors and Goldberg showed that a certain amount of smoothness of the
potentials is necessary to control the large energy behavior in the LP boundedness.

In [14], Mizutani, Wan, and Yao considered the case of m = 4 and n = 1 showing
that the wave operators are bounded when 1 < p < oo, but not when p = 1, co, where
weaker estimates involving the Hardy space or BMO were proven depending on the type
of threshold obstruction. More recently in [8], Galtbayar and Yajima considered the
case m = 2 and n = 4 showing that the wave operators are bounded on 1 < p < oo if
zero is regular with restrictions on the upper range of p if zero is not regular depending
on the type of resonance at zero. Mizutani, Wan, and Yao [15, 16] studied the endpoint
behavior and the effect of zero energy resonances when m = 2 and n = 3. This recent

work on higher order, m > 1, Schrodinger operators has roots in the work of Feng,
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Soffer, Wu and Yao [6] which considered time decay estimates between weighted L2
spaces.

The paper is organized as follows. In Section 2 we recall important resolvent expan-
sions and prove Proposition 2.1, which shows LP boundedness for a class of operators
of the form needed in Theorem 1.1. In Section 3 we prove further resolvent expansions
tailored to the case of zero energy eigenvalues to show that Proposition 2.1 applies
to the operator Wiy, , for large enough k, which suffices to prove Theorem 1.1 and
consequently Theorem 1.3. Finally in Section 4 we provide technical lemmas needed

to prove Proposition 2.1.

2. OPERATOR BOUNDS

In this section we reduce proving Theorem 1.1 to showing that a certain family of
operators extend to bounded operators on LP(R™) on the desired range of p. To do this
we utilize various resolvent expansions and adapt the argument from the case when
zero is regular to account for the extra singularity in the spectral parameter that arises
when (—A)*™ 4+ V has a zero energy eigenvalue.

It is convenient to use a change of variables A — A\*™ to represent Wiy, x

2| AN ROV RGP (VR QP VRS (87) ~ Ry (4] d
We begin by using the symmetric resolvent identity on the perturbed resolvent
RE(AP™). With v = \V|z, Uz) = 1if V(z) > 0 and U(z) = —1 if V() < 0, we
define MT(\) = U + vR{ (A?™)v.

Using the symmetric resolvent identity, one has
(2) Ry (NMV =Ry (A ) oM™ (N) v
Therefore, we have
Wi = - / ARG (ML (V)[R (27) — Ry (A™)] d,

where T(A) := A2 M+ (\)~! and for k > 1

3) Tw(M)
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When zero energy is an eigenvalue, the resolvent Ry becomes unbounded as A — 0.
Under the change of variables the singularity is of order A=>™. The definition of T'y(\)
above multiplies M ~1()\) by A*™ to account for this singularity.

To state our main result, we recall the following terminology from previous works
involving wave operators and dispersive estimates. An operator T : L? — L? with
integral kernel T'(z,y) is absolutely bounded if the operator with kernel |T'(z,y)| is
bounded as an operator on L*(R"™). We recall that finite rank operators and Hilbert-

Schmidt operators are absolutely bounded, where T' is Hilbert-Schmidt if
ITlss = [ 17 dedy < .
R2n
Proposition 2.1. Fizn > 4m > 4 and let I be a A dependent operator. Assume that

f(x,y) ‘= sup [ sup ‘)\Zaﬁf‘()\)(m,y)u

0<A<Xo << f%]Jrl

satisfies the pointwise estimate

(4) D(w,y) S ()72 (y)~

0|3

If [V (z)| < (x)=# for some B > n, where n, =n+4 if n is odd and n, =n+ 3 if n is

even, then the operator with kernel

) K= [ xON[REGT IR (87) = Ry (42 2. y)dA
0

is bounded on LP(R™) for 1 <p < 3.

The claim of Theorem 1.1 follows in Section 3 by showing that I'y(A) defined in
(3) satisfies the hypotheses of this proposition. To prove the proposition we need the
following representations of the free resolvent, these are Lemma 2.3, 2.4, and Remark

2.5 in [5], which have their roots in [4].

Lemma 2.2. Let n > 2m > 2. Then, we have the representations

+ 2m ei/\|y7u\
Ry (A")(y,u) F(Ay —ul).

"y —ufm
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and
[Rg(A2™) — Ry (N™)](y, u) = A" [ Fy (Ay — ul) + e P E_(Aly — ul)],

With the bounds

1—n

(6) N FO)| S AN OS2 N Fe ()] S AN ()
for all N > 0.

We say an operator K with integral kernel K (z,y) is admissible if
sup | |K(x,y)ldy+ sup [ |K(z,y)|dr < oo.
zeR™ JRn yeRn JRrn
By the Schur test, it follows that an operator with admissible kernel is bounded on

LP(R™) for all 1 < p < co. We are now ready to prove Proposition 2.1.

Proof of Proposition 2.1. Using the representations in Lemma 2.2 with r; = |z — 2|

and ry 1= |zo — y| we see that K (z,y) is the difference of

(7) Ki(z,y)

,r711—2m

:/ U(Zl)U(ZQ)/ ei)‘(rlim)X()\))\n_Zm_lF()\)(21,ZQ)F()\Tl)Fj:(/\T2>d)\dzld22'
R2n 0

We write
4

K($7y) =. ZKj(IE,y),

j=1
where the K; are K restricted to different regions. K is the portion of K restricted
to the set 71,79 < 1, Ky to the set m1 & ro > 1, K3 to the set ro > (rq), and K, to the
set r1 > (rq). We define K 1 analogously.

Since both A and r; < 1 we have Ar;

~

< 1. Using the bounds of Lemmas 2.2 for we

~

bound the contribution of |K; 1 (x,y)| by

1
/ U(Zl)v(fzzim,rzilr(zb ) / A2l Nz dzy
R2n

1 0

~ n—2m

</ v(zl)v(zz)erSlf(zl,zz)dzlem
R2n 7a].
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since n — 2m — 1 > —1. Using the pointwise decay of v and [ in (4), we obtain

/IKLi(m,y)ldy N /<Zl>_n_<752> Nz dzy S,

uniformly in z. By the symmetry between x and y which implies that K is admissible.
For K, we consider the contribution of K, _ since the K, is simpler. We integrate
by parts twice in the A integral when Alr; — 75| > 1 (using (6) and the definition of T')

and estimate directly when A|r; — ro| < 1 to obtain

Ko, - (2,9)] S

n—2m
1 0

f AT >
/ U('Zl) (’217 22) 22 Xrimre>1 X )\n_Qm_1X()\|’I“1 _ 7"2|)<>\7“1>1_2md>\d2’1d22
R2n

d/\le d22

n—2m

+/ v(zl)f(’zla'z?) ZQ Xrimre>1 > X )\n sy ()\’7"1 _T2’)<)\r1>1_2m
R2n T 0 !7“1 - 7"2’2

00 n—2m—1 1-2m
< / U(21>F(217 Zi)ggan)Xﬁ%Tz»l / X(A))‘ <)\7"12> d\dz dzs.
R27 0 (A(r1 —12))

1
Noting that 1—2m < 0, we can integrating this bound with respect to x after converting

~

to polar coordinates centered around z; to bound by
AL
1 — )\n72m71 ()\7“1)1727”
(21, P drid\dzd
/Rzn/ /TlNT2>>1U(Zl) (21, 22)v(22)r] Iy 1

A\ 4m
(z z,z v(z drid\dz1dz
<L [ o Tt ) iy

- n—4m—1
5/ / /U(Zl)F(Zl,ZQ)U(ZQ))\—2dT]d>\d21dZQ <1
R2r Jo JR (m)

uniformly in y. In the second line we defined n = A(r; — rg) in the r; integral and

used n —4m — 1 > 0. Since r; & 19, the integral in y can be bounded uniformly in z
similarly and hence the contribution of K is admissible.

We now consider the contribution of

(8) Kys(w,y) = /R% v(21)0(22) Xry > (r2)

n—2m
T
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/ ei)\(m:t?"z)F()\rl)X()\)F()\) (217 22))\n72m71F:|: ()\7’2> dAdz1dzs.
0

When Arq; < 1, using (6), we bound |Fy(Arg)|, |F'(Ar1)| < 1 and estimate the A integral
by r2m~ ”F(zl, 29), whose contribution to K} is bounded by

/ U(Zl)v(zé)r(zhZ2)Xr1>><r2d 2 </ U(Zl)v<z2)f(217ZQ)XT1>>(T2)d
R2n R2n

n—2m-+(n—2m) n—2m+(n—2m)
1 T2

ZleQ.

Where we used that v > ry allows us to replace r; in the denominator with ro and

apply Lemma 4.1 with { = n — 2m and k£ = n — 2m to show that that K, are

admissible kernels.

When Ar; 2 1, we integrate by parts NV = [§] + 1 times (using (6)) to obtain the
bound

—|7’1 T TQ‘N /Ooo ‘aiv [F()\Tl)io\?“l)X()\))\n—2m—1r()\)(zl, ZQ)Fi()\T2>:| ‘d)\

) »
_ ndl oo nEl_gp o A4
<rN § : / A2 Ay 2 AR QT () (21, 22) | ——— dA

1
0<j1+jatjatda<N,ji>0" 7 (Arz)
1
n+1 —29m—N=~ 3n— 1_4m 1—n
SJ Tl F(Zl,Zg) E )\7 —Jj1—Jj2—7J3 J4<>\T2> 3 d)\

1
0<j1+Jj2+73+Ja<N,5;i>0" v

n4l_ o N~ /\3” L _4m—N
Syt ’ NF(ZhZz) ————dA
~ T L )

Since ”T_l > 0 the contribution of (Ary) can be ignored. Since n > 4m, n—4m > 1 and

3n — 1 1
L —tm N1+ - [D] -1 -1
22 12

1
This gives us that the contribution from the A integral is bounded by log(r;) < rf.
This gives us the total contribution to Ky of

/ (zl)v(z%l“ 21, zz)'

+

n
2

r{
Noting that [§]+ 5+ 1 — g >n+ 1—11, again using that r; > 7y, the contribution of this
to (8) is bounded by

/ 'U(Zl)f(Z]_,ZQ) (Z2)XT1>> (ra) dz dZ2
RQn

n+ i
L)
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which is admissible by Lemma 4.1.

We now consider K3 which restricts the upper portion of the range of pto 1 < p < 5.

Using Lemma 2.2 we write

n—2m
LS|

(9) Kg(l',y) ::/ ’U(Zl) (ZQ)XT2>><T1>
R2n
/ eAE) PO ) (MNP ID(N) (21, 22) Fie (M) dAdz1d2,.
0
When Ary < 1, we can apply (6) to obtain the bound

/ U( ) (521227‘2»(“ 1,22 / )\Tl %_27”)\” Im— 1<)\T‘> d)\dzleQ
R2n 0

T

rgl
5/ v(z1)v (:2)235:2» T (21,22)/ N'EL ANd 2 dzy
R2n 0

v(z1)v (2’2)Xr >(r1) =
S/RQn n—32m, n— ;m : F(ZI’ZQ)’

T Ty

which is bounded when 1 < p < 5% by Lemma 4.3 with £ = ¢ = 0.

When Ary 2 1, we integrate by parts N = [2] + 1 times (using (6)) to obtain the
bound

1 > - -
e [ [N PORIRO XN O) e, 2) P ()]
‘7"1 + 7’2| 0
1 . n ) ) )\1%—1'4
S > / NI ) M2 | ST () (21, 20) | S d N
0<ji+ja+isHia <N, ji>0 " 73 Ty
1-n ~ 1

n+1

Srp? T(z1,20) Z 1 NIt \py ) "2 )

0<j1+j2+53+7Ja<N, ji=0 " 7o

< ln N~ ! n=l_om N ol _om
<r, (21, 20) \ 2 (Ary) 2 dA.

)

We consider the cases when Ar; 2 1 and Ar; <1 as follows:

1-n_ N~ 1 n—1 n+1
Ty 2 NF(zl,zQ)/ )\T_Qm_NO\rﬁ%_zmd)\

™2
min(%,l)

_n=1_ =~ n
Sy 2 NF(21,22)< /\5_2m_N_%X(/\T1)d)\

1

T2
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1 n+1 m
- / Pt AN () d).

min(-+,1)

T’

m— T _1
Since 2—2m—N—1 =2 —[2]—2m—3 < —3 the first integral is at most 7"5 sl 2
so its contribution to (9) is at most
V(21)0(22) Xy (1) =
(10) / : 17)17(27:)2(7;? UT (21, 20)dzads,
R2n 7’1 7“2
which is bounded for 1 < p < % by Lemma 4.3.
Similarly, after multiplying the second integral by (Ar{)V=! > 1,
1 ntl o _ 1 ndl g N
/ AN S O ) S / E IR U )Y
min( 1 1) min( 1 1)

ry’ T

since n — 4m — 1 > 0, the A integral is bounded and the contribution is bounded by
ol _9mt+N-1
2

r, . Letting {n/2} = [n/2] — n/2, the second integral’s contribution to (9)
1s at most
N—n_1
/ U(Zl)v(z2)Xr2:><r11>rl 2 f<21’ 2)dz1dzs
R2n Té\“ri—a
:/ U(ZI)U(ZQ>XT2>><T1>T?/2}+;f(z z0)dz1dz
o T;1+{n/2}+% 1, %2)0z1022,
which is admissible for all 1 < p < oo by Lemma 4.2. O

3. RESOLVENT AND INVERSE EXPANSIONS

It remains only to prove that the operators I'y(\) defined in (3) satisfy the bounds
needed to apply Proposition 2.1. In this section we develop different resolvent ex-
pansions and develop an expansion of M (\)~! for small A when there is a threshold
eigenvalue. Throughout this section we consider the ‘+’ limiting operators and omit
the superscript.

Recall that n, = n+4 if n is odd and n, = n + 3 if n is even. The bounds in
Lemma 2.2 imply that the operator R, with kernel
(11) Ry(w,y) := v(z)o(y) sup [NOARG(A*™)(x,y)]

0<A< Ao
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satisfies
Ry(x,y) S v(@)o(y) (jz —yP" " + e =y ), £>0.
This pointwise bound implies that R, is bounded on L?*(R") for 0 < ¢ < (5] +1
provided that |V (z)] < (z)~° for some 3 > n,, see [4, 5].

We write the iterated resolvent operators
(12) A 21, 2) = [(REPMV) T REP™)] (21, 22).

For odd dimensions n > 4m, if k is sufficiently large depending on n,m and |V (z)| <

(x)~™~ then

sup |)\£8§A()\721722)| < <zl>2<z2>2,
0<A<1

for0 </ < "T*?’ = [%] 4 1. This follows from the pointwise bounds on R, above. The
iteration of the resolvents smooths out the local singularity |x — -[*™~". Each iteration
improves the local singularity by 2m, so that after ¢ iterations the local singularity

||?mé=n_ Selecting k large enough ensures that the local singularity is

is of size |x —
completely integrated away. See the proofs of Propositions 5.3 and 6.5 in [4] for more
details. For even n > 4m, since we need fewer derivatives we have

3
2

sup [NOLAN, 21, 22)| < (21)2 ()2,

o<1

for 0 < ¢ < ™2 = [2] 4+ 1. More compactly, we have that
A 21 2)| S () B () B 0<e< D]+ L
Finally, recalling that
[r(\) = UvAN) oA M~ (N)vA(N)oU,

our goal is to show that supg_y.y, [AT2"0%[M(N)] ! (z,y)| is bounded on L? for each
0<(<[3]+1L
We then define the following operators or their integral kernels
GO(:C7 y) ::a0|$ - y|2mfn = R()(O)(.I', y)a

TO =U + ’UG()U.
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Here ag # 0 is a real constant depending on m and n. Recall that the invertibility
of Ty on L*(R™) is equivalent to the lack of a threshold eigenvalue when n > 4m, see
[6]. We further define S; to be the Riesz projection onto the kernel of Tj so that the

operator Ty + S is invertible, and we define
DO Z:(TO + Sl)il.

From Proposition 2.4 in [6], we have

(13) Ro(N"™)(z,y) = Z_ NG (2, y) 4 Cpm A2 + Eo(A) (2, )

j=0

with N = |3%-]. Here

Gj(z,y) = cjnm|r — y\zm’"”mj,j =0,..,N—1.

The exact value of these constants is unimportant for our purposes. We note that these
expansions follow from those of the Schrodinger resolvents Ry(z) = (—A — 2)~! and
the splitting identity

m—1

Ro(2)(,y) = (=A)" = 2)a,y) = —— 3 wiRo(wiz) (@, ),

mz- m

where wy = exp(i27f/m) are the m'" roots of unity. The expansions utilize a significant
amount of cancellation obtained from the splitting identity and the sum over the roots
of unity. See also the proofs of Lemma 4.2 and 6.2 in [4].

We note that the error bounds for Ey(A) in [6] don’t suffice for our purposes, instead
we develop shorter expansions with more detailed control of the error term. We make

this more precise with the following lemmas.

Lemma 3.1. When 0 <X < Xy and 0 < < [5]+ 1, we have
Ro(\) = Go + NGy + E())
where for any 0 < € < 1 we have
NJOLEO) (,9) X[l =y G5 4 o =y

where {n/2} = [n/2] —n/2.
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Proof. We need to consider cases as the resolvents behave differently in even and odd
dimensions and based on the size of A\|z — y|. When n is odd and Az — y| < 1, we

have from Lemma 2.3, equation (2.2), and Remark 2.2 in [6] that

=

(14) RO()\Qm) (l’, y) _ cj,n7m>\2mj ’{L" _ y’2m—n+2mj + Z Cj,n,m)\2N+j |$ . y|2m—n+2N+j
J

Il
=)

Jj=0

with N = | #=|. Truncating after the first two terms of the series yields the expansion

with

E(A) =Y Xz — y[mrtE Ao — gy < 1L
k=1

Note that many ¢, may be zero, this doesn’t affect our bounds. This implies that for

any ¢ we have
NJREN) (z, y)x (N —y[)| S A" o —y|tm 7

which suffices for small Az — y|.

When n is even, there are logarithms when Az — y| < 1 that we must account for.
Using Lemma 2.1 and Lemma 2.3 in [6], (see also the expansion after Lemma 6.2 in
[4]) we have the following representation

3|1

RO()\Qm) _ Z ak)\2mk|l‘ _ y|2m(k+1)—n + Z bj/\n_2m+2j|l' o y|2j

k=0 5=0
- Z A2 | g |2k (ln(]x —y|)+1In )\).
k=[5
However, since the first logarithm appears with a power of A at least as large as n —2m
since [5-] > 3, the logarithms don’t affect the required bound and
2m 11

E()\) _ Z Gk)\ka|$ _ y|2m(k+1)fn + Z bj/\n72m+2j‘x _ y‘Zj

k=2 =0

+ Z cp AT g gy 2mb—n <1n(|x —yl)+1n A).
k=]



16 M. B. ERDO(V}AN7 W. R. GREEN, K. LAMASTER

The first two sums with only powers of A|z —y/| are controlled as in the odd n argument.

For the logarithms, since k — 1 > 2, the largest possible contribution is of the form

Xz =y (A — yl) S N e -y

1

using log(z) < 27! when z < 1. We may further divide by powers of (A|z — y|) to

match the polynomial bound as needed. Since m > 1, we have
N[LEN) (, y)x(Az =y S A2 |z —y[mm

which suffices for small Az — y].
The bound on the error term when A|x—y| 2 1 follows from the bounds in Lemma 2.3

of [5] and the definition of the kernels of Gy, Gy, we have
NIGEMN] = N [Ro(N*") = Go(, y) = N*"Gh ()]
5 )\"THmeJrf‘x _ y‘lfT"+€ + ’ZL’ _ y’2mfn + )\2m’x . y’4mfn.

We note that 52 +¢ < 524+ [2]+1 = {2} + 2, and - —2m+ [2] +1 > 2m. Since
Az —y| 2 1 and A < 1, we can bound this by

=~ m+e n143 m—n-+e
N[ORENX(Alz =y S N[l — g7 4 |z — g 7.
O

To invert M(A) in a neighborhood of the threshold, we utilize the Jensen-Nenciu
inversion scheme in [13], which requires some set up. We introduce some notation
to help streamline the upcoming statements and proofs. For an absolutely bounded

operator T'(\) on L?(R") we write T'(\) = Ox(\) to mean that
INIKT V)| 22 S A, 0<L<SN for0< A< .

We note that, if S, T satisfy S(A\) = Onx(N) and T(\) = On(A¥), by the product rule

the composition of the operators ST is absolutely bounded and satisfies
SAT(A) = Ox(NTF)  on (0, ).

Similarly,

NT(A) = Onx(NMT)  on (0, ).
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In particular, if R is an absolutely bounded operator on L2, then
T(A\R, RT(\) = Ox(A\*)  on (0, \).
Of particular use is the observation that if T()\) = Orzq,1()\°), then

sup  sup  AOLT(N)|
0<A<Ag 0<E<[ 2] 41

is a bounded operator on L*(R™).

Finally, we have

Lemma 3.2. If I is a A-independent, invertible, absolutely bounded operator on L?

with an absolutely bounded inverse, then for e > 0, we have (for sufficiently small \y)
T+ 0NN =T+ O(X) = Ox(XY),

Proof. This is just a Neumann series expansion for N = 0. For derivatives (1 < ¢ < N),

note that A5 [[' + On(A9)]™! — I'"!] is a linear combination of operators of the form
J
0+ On (X)) T A0 On (X)L + O (X)) 1] = Oo(X).
7=1

Here J > 1,1</; <N with > ¢; = (. O
Our main result is the following proposition:

Proposition 3.3. If 8 > n, and there is a zero energy eigenvalue, the operator M ()

is invertible on L? for sufficiently small 0 < X\ < \g. Furthermore, we have
M) = Opgpa (A7),

By the discussion above, these bounds on M ~1()\) will suffice to allow us to establish
that the operators I'j, satisfy the hypotheses of Proposition 2.1. To this end, we have

the following series of lemmas.

Lemma 3.4. If § > n,, then for sufficiently small \ the operator M (\)+5; is invertible
on L* with
(M) + )™ = Org1:1 (V).
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Further, for any 0 <e <1, on 0 < A < Ay we have
(M + S1)™" = Dy — X" DTy Do + Oy (X7),
where Ty = vGv.

Proof. For the first claim, recall that by Lemma 3.1, we have
M) =U +vRo(N"™)w = U +v(Gy + NGy + E(\)),
where for 0 < ¢ < [5] +1
N|OSoE(N)o] S N o)l — y[3H20(y) + N o()|z — y|" " u(y).
The first term is Hilbert-Schmidt when § > n, since

()2 — y[EF20(y)]2 < (@) ()"

In dimensions 4m < n < 8m, the second term is Hilbert-Schmidt under weaker decay
assumptions than § > n,. On the other hand, if n > 8m, the resulting kernel is too
singular to be Hilbert-Schmidt, instead we identify |z — y|*™~""¢ as a scalar multiple
of the fractional integral operator Iy,... By Lemma 2.3 in [12], Iy, is bounded
from L** — L?>~* provided s > 2m + 5. This suffices to show the L? boundedness of
v(z) N[0S E(N)|v(y) in dimensions n > 8m since v(z) < (x)’g with 8 > n, > 4m + 3.

We conclude that
M(}\) = T() + /\2mT1 + O[%H—l ()\2m+6).

We claim that Dy is an absolutely bounded operator. To see this, first note that the
argument of Lemma 4.3 in [3] may be adapted since, by the argument above, vGgv is
absolutely bounded. Here one needs to iterate the resolvent identity sufficiently since
(vGov)* is Hilbert-Schmidt for sufficiently large k while vGov itself is not. We leave
the details to the interested reader.

Since Ty + S; is invertible on L? with an absolutely bounded inverse, by Lemma 3.2,

we have

M) + S = O (V).
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To obtain the second claim, we utilize the resolvent identity A~ = B~!' + B™}(B —
A)A™! with A = (M(X\) + S1) and B = T + S;. From this, we see that

[M(X) + 817" = Dy — Do[M(X) = To]| Dy + (Do[M(X) = To])*[M(N) + Si] 7.
Note that M(X) — Ty = ATy 4 Or2111(A*"F€) = Ornq41(A*™). Therefore,
[M(X) 4+ S1] ™" = Do — A*™DoT1 Do + Op141(A*™4) + Opaya (M),
which suffices. U

To utilize the Jensen-Nenciu inversion machinery, Corollary 2.2 in [13], we need to

invert the operator
1

o (S1 — Si(M(X) + S1)7'S))

on S;L%. To do so, we note that S; Dy = DyS; = S so that the leading S; cancels and

consider the operator

(15) B(A) = A7"[S1 = Si(M(X\) + 81) 7S] = $iT1 5 — Sl)\_sz(%1+1(>\2m+E)Sl

= S511T151 + 510[%1+1()\E)51.
We now have

Lemma 3.5. If > n,, for sufficiently small X the operator B(X) is invertible on
S1L2. Further, we have

B™H(\) = Opz141(\%)

as an operator on Sy L2.

Proof. Using the expansion in (15), we note that T} is an invertible operator on S; L?
(c.f. Definition 2.6 and Remark 2.7 in [6]). Since S;L? is finite dimensional, T} and its

inverse are absolutely bounded. The claim now follows from Lemma 3.2. U

We are now ready to prove Proposition 3.3:
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Proof. By the Jensen-Nenciu inversion technique, [13], we have
(16)  M7'(A) = (M) +S1) "+ A2 (M(N) + S1) " SiB (NS (M(X) + S1)

provided that B()) is invertible on S;L?(R™). Therefore, the claim follows from Lem-
mas 3.4 and 3.5. U

We are now ready to prove the main technical result.

Proof of Theorem 1.1. Proposition 3.3 shows that supy_y .y, [N [ M (N)] " (z, y)| is
L? bounded for all 0 < ¢ < (5] + 1. By (2), the definition of Wiy x, I'r(\) and the
discussion following (12), we see that the operator I'y(\) satisfies the hypotheses of
Proposition 2.1.

U

4. TECHNICAL LEMMAS

For completeness, we include necessary lemmas about the LP(R™) boundedness of
certain integral kernels that are needed in the proof of Proposition 2.1. We use the
two Lemmas below about admissible kernels, which are Lemmas 4.1 and 4.2 in [5]

respectively.

Lemma 4.1. Let K be an operator with integral kernel K(x,y) that satisfies the bound

1)(21)1)(22)1 (217 ZQ)X{ly—22|>>(Zl—l">}
K < dz1d
|K(z,y)| S /]RQ" (& — 2 2k |2y — gt 21 d29

for some 0 < k < n—2m and { > 0. Then, under the hypotheses of Lemma 2.1, the
kernel of K is admissible, and consequently K is a bounded operator on LP(R™) for all

1 <p<oc.

Lemma 4.2. Let K be an operator with integral kernel K (x,y) that satisfies the bound
B 2t o aes ol — 2l
\K(x,y)‘ 5/ U(Zl)U(ZQ) (2’1 ZQ)X{\y 2> (21 >}|:1: 2’1\

R2n |zo — y|ntt der dz

for some £ > 0. Then, under the hypotheses of Lemma 2.1, the kernel of K is admis-

sible, and consequently K is a bounded operator on LP(R™) for all 1 < p < oo.
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We also need the following new bounds for the analysis of Kj.

Lemma 4.3. Let K be an operator with integral kernel K(x,y) that satisfies the bound

f —z zZ1—
|K(l’,y)| S/ ’U<21>U(22) (21722)X{|y 2> (z1 >} ledZQ

’.CC _ Zl’n72mf€‘y _ 22’n72m+k
for some —2m < k < 2m with ¢ < k +n — 4m. Then, under the hypotheses of
Proposition 2.1, K is a bounded operator on LP(R") for 1 <p < 5.

Proof. We show that || K (z,y)l|,,,» is bounded. Using the assumptions on I in Propo-
y Lz

sition 2.1, provided that — < p' < oo or equivalently 1 < p

“am iR
the LZ norm to bound (recall that 1 = |z — z.| and 79 = |20 — y])

_B4n _Bin oy p 2m—n—k+n/p’
|5 (2, 9) G Y
(17) ()™ 7 ()™ 20 (ro) L L1, L

We then consider cases to control the upper bound in (17); when r < 1 and r; 2 1.

If 7 2 1, we can directly take the L2 norm since 4m —n — (k — ¢) < 0 to see

_B4n B+ _k—
[ R s (o o

LZLY L,
_Btn _ Bt 4m—n—n/p—(k—£)
5‘ (z1)7 2 (=) 2 1) Xri>1
IBLL LL
Bn B+n
S [ Ca <L
LllL%Q

since 3 > n.
On the other hand, when r; < 1, we leverage the decay of v(z;) and since all
quantities are non-negative take the L! . norm first by converting to polar coordinates

centered around x.

<Zl>_BJ2rn < _5% 2m—n+€<rl>2m—n—k+n—n/p

Z2> Ty Xris1

LY LL L}

(22>_ﬁ2/ (x+71)~ B pamete- 1X751d7"

L1, L

(20)™ 5" () 5" / T

L4, Lk
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since 2m+ /¢ —1> —1 and § > n.

Therefore the kernel of K is a bounded operator on LP(R™) for 1 < p <

n
2m—k "
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